The precursor phases of SrFeO 3−x ͑SFO͒ and SrMoO 4 ͑SMO͒ were used to prepare Sr 2 FeMoO 6 with different ratios by a solid-state reaction technique. An x-ray diffractometer was used to identify the phases. SMO was observed to exist in the Mo-rich samples. The high resolution of a transmission electron microscope was employed to identify the compositions and phases. It was further evidenced that Mo-rich nanosized clusters were located inside the grains rather than at grain boundaries. Moreover, the antiphase boundary ͑APB͒ was clearly evidenced in the Mo-rich SFMO, which might lead to the Sr-or Fe-rich boundaries. The conduction, magnetic, and magnetotransport properties were characterized, and it was found that the Mo-rich samples had higher resistivity, lower saturated magnetization, and lower coercivity but higher low-field magnetoresistance ͑LFMR͒, which was strongly related to the presence of the excess Mo ions and APBs inside the grains. The conduction of SFMO samples with different ratios reveals a semiconductor behavior, which can be described by the VRH model, Eq. ͑1͒, with p = 1 4 and o independent of temperature in the temperature range of 50 to 300 K. The evaluated values of T o increase with the decrease of the SFO/SMO ratio, which are considered to be influenced by the residual SMO and APBs inside the grains. It is suggested that the enhancement of LFMR of Mo-rich SFMO is arisen from the APBs or the induced Sr-or Fe-rich grain boundaries.
I. INTRODUCTION
Although the lanthanum magnanites possess colossal magnetoresistance ͑MR͒, the high applied field and low Curie temperature have hampered their practical uses. The double perovskite Sr 2 FeMoO 6 ͑SFMO͒, however, possessing an appreciable low-field room-temperature MR and a relatively high Curie temperature ͑410-450 K͒, 1,2 has stimulated both fundamental and applied research on the structure and physical properties of this compound. The unique character of SFMO is that it possesses a high spin-polarization of conduction carriers, 1 which is attractive in the light of the potential application to the magnetoresistive devices. The peculiar properties are arisen from the half-metallic density of states in the electronic structure of SFMO. 1, 3, 4 While there still is argument concerning the valence states of Fe and Mo ions, [5] [6] [7] [8] [9] [10] [11] the ions of Fe 3+ and Mo 5+ are considered to be dominant. The electronic structure of SFMO was considered as the majority spin band is gapped and the corresponding 3d 5 ↓ ͒ ions, which produces a saturated magnetic moment of 4 B . However, the observed saturation moment by several groups was always 3.1-3.2 B .
1,3,7,12,13 The low saturation moment was attributed to antisite defects resulting from the partial disorder of Fe-Mo ions among the B / BЈ sublattices. 3, 14 For the conduction behavior of SFMO, both semiconductive and metallic behaviors were found in the electronic conduction of SFMO, depending on the crystal form, heat treatments, and compositions. 3, 6, 7, 15 The degeneracy of the two states of Fe 3+ -Mo 5+ and Fe 2+ -Mo 6+ had been observed 11 and suggested as the origin of the metallic behavior. 6 The semiconducting behavior was usually attributed to the presence of the inhomogeneous compositions or phases in the grain boundary.
SFMO possesses an appreciable low-field magnetoresistance ͑LFMR͒ in the granular form. 1 Because very weak MR was observed in the single crystal, 3 LFMR of SFMO was usually considered to be related to the grain boundary.
1,2, [16] [17] [18] [19] [20] [21] [22] [23] [24] With few exceptions, most models for the grain-boundary MR were based on the spin-polarized tunneling ͑SPT͒. 25 Basically, the barrier at or near the grain boundary was assumed to be insulating or nonferromagnetic in the SPT model. 26 However, for the manganese perovskite, grain-boundary magnetization ͑GBM͒ had been observed and suggested to play a crucial role in LFMR. [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] While the mechanism of LFMR was intensively studied in the manganese perovskite, 25, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] it was not for SFMO. The enhancement of LFMR of SFMO was recently reported to be related to the nonmagnetic SMO phase residing at the grain boundary. 19, 40 However, there was no microstructural evidence showing the SMO phase at the grain boundary. Actually, the report by Sharma et al. 21 and our previous work 41 have evidenced that the enhancement of LFMR of SFMO is not related to the grain-boundary phases. Moreover, there was a striking observation that the MR was weak across artificial grain boundaries in epitaxial thin films grown on bicrystalline substrates 16 and the antisite disorder has been suggested to be related to the LFMR. 42 Though the antiphase boundary ͑APB͒ was found to cause a large MR in magnetite, 43 it was reported to be scarcely observed in SFMO. 44 In this investigation, we not only showed the absence of SMO phase at the grain boundary but also provided the clear evidence of the presence of the APB. The possible roles of SMO and APB in the conduction and the LFMR enhancement of SFMO were pursued.
II. EXPERIMENT
The formation mechanism of Sr 2 FeMoO 6 ͑SFMO͒ had been detailed in the previous works, 45, 46 which suggested that formation of SFMO could be via the reaction of SrFeO 3−x ͑SFO͒ and SrMoO 4 ͑SMO͒. Thus, different ratios of SFO/SMO, i.e., 1:1, 0.9:1, and 0.8:1 had been selected to prepare SFMO. The mixture was sintered at 1200°C for 4 h in 5 % H 2 -95% N 2 . An x-ray diffractometer ͑Model D/MAX III.V, Ragaku Co., Tokyo, Japan͒ was used to identify phases. A high resolution transmission electron microscope ͑HRTEM͒ ͑JEM-100CXII, JEOL, Japan͒ equipped with an energy dispersive x-ray ͑EDX͒ spectrometer was used to identify the compositions and phases. A multimeter ͑Model 2001/MEM2, Keithley Instruments Inc., Cleveland, OH͒ was used to measure the electrical resistivity over a range of 50 Ϲ T Ϲ 300 K. The magnetization was measured by a superconducting quantum interference device magnetometer ͑Model MPMS/MPMS2, Quantum Design Inc., San Diego, CA͒, which was performed under a fixed field of 10 KOe using the zero field cooling method. The magnetoresistivity ͑MR͒ was measured by the standard four-probe method in the external magnetic fields. The MR was evaluated by the following equation:
where R H is the resistivity measured under the field and R 0 is the resistivity measured without the field.
III. RESULTS AND DISCUSSION
A. X-ray and TEM investigations Figure 1 shows the comparison of the x-ray patterns of polycrystalline SFMO samples with different ratios of SFO/ SMO sintered at 1200°C for 4 h in 5% H 2 -95% N 2 . It was observed that the residual phase of SMO increased with the SFO/SMO ratio. The residual SMO was considered to be located along the grain boundary. 19, 40 However, recently, it has been suggested that SMO is located inside the grains rather than at the grain boundaries. 41 Here, we provide more evidence to further justify that SMO is indeed present inside the grains. Figure 2 shows the micrographs of the HRTEM revealing the presence of Mo-rich nanosized clusters inside the grains of the Mo-rich SFMO samples. The compositions of grains, grain boundaries, and the nanosized clusters of SFMO with different SFO/SMO ratios were listed in Table I . It clearly indicates that the grain boundaries are relatively Sr rich or Fe rich, and the nanosized clusters inside the grains are Mo rich. Thus, the residual SMO should be present in the grains rather than at grain boundaries. These results are also supported by the previous proposed formation mechanism of SFMO, 45, 46 indicating that there would be less chance for SMO to locate at the grain boundaries. Moreover, the alternate black/white fringes characterizing the image of APB had been frequently observed in the Mo-rich samples, shown in Fig. 3 . This further supports the presence of the excess ions inside the grains because if more Mo ions present inside the grains, the order states of Fe and Mo ions would be disturbed and the occurrence of the APB becomes possible. Figure 4 shows the conduction behavior at different temperatures for the samples with different SFO/SMO ratios. As observed, they show the semiconductive behavior, and the resistivity of the samples with SMO is higher than that without SMO. Though the temperature dependence of the conduction behavior of single-crystal SFMO was found to be a metallic behavior, 1 the polycrystalline samples in general show a semiconductive behavior depending on the sample preparation. 7, 15 Itoh et al. 7 reported that polycrystalline SFMO sample could be made metallic and had lower resistivity by postannealing in vacuum-sealed quartz tubes ͑for 72 h at 1373 K͒, which was attributed to the improvement of conductivity of the grain-boundary phase or to the homogenization of the composition of the sample, whereas Chmaissem et al. 15 reported that the sample with higher molar fraction of SMO possessed lower resistivity and revealed metallic behavior but that with lower or without SMO had higher resistivity and showed a semiconducting behavior. The above results seem to be contradicted to each other. However, the observation by Asano et al. 47 provides a rea- sonable interpretation about this contradiction.
B. Effect of residual SMO and APB on the conduction behavior
In their epitaxial films free from bulk grain boundaries, Asano et al. 47 showed that the sample with nanoclusters ͑size about 10-15 nm͒ had much higher resistivity and a characteristic of a semiconductor but that with coarsened clusters of a size over 100 nm revealed lower resistivity and metallic behavior. Apparently, the morphology of the second phase including size, distribution, and location would play a significant role in conduction behavior of SFMO. It should be noted that the resistivity of the sample with SMO is still very low Ͻ100 ⍀ cm compared with the common ceramics. If the insulating SMO would be located along the grain boundary, the resistivity would become very high. Therefore, the great enhancement of the resistivity of SFMO can be attributed to the fact that the nanosized clusters of SMO inside the grains disturb the intrinsic conduction mechanism of SFMO. It was known that for the sample with the SFO/SMO ratio of 1:1, the single-phase SFMO would only be produced in a reducing atmosphere and SMO would be present when sintered in air. 45, 46 Therefore, the long-time heat treatment of the raw powders of SFMO in air would lead to the coarsening of the particle sizes of SFMO and SMO, which in turn would profound the morphology of SMO and the microstructure of SFMO in the final sintered body. This may be a possible reason to explain the conduction behavior of the samples reported by Chmaissem et al. 15 While the origin of the conduction mechanism of SFMO is still ambiguous, the semiconducting behavior of Sr 2 Fe x Mo 2−x O 6 ͑1.2ഛ x ഛ 1.5͒ has been suggested to be fit for polaron hopping model. 48 If polaron motion indeed is dominant in the conduction mechanism of SFMO, the APB and nanosized clusters would play a significant role in the conduction mechanism because they could affect the lattice vibration mode and ordering of Fe-Mo ions. Figure 5 shows the fitting of the variable range hopping model of SFMO with different SFO/SMO ratios. The general governed equation based on the hopping charge transfer can be written as
where T o is a characteristic temperature and p = 1 for hopping over the nearest sites, 50 Table I . 
C. Effect of residual SMO and APB on the magnetic
and magnetotransport properties Figure 6 shows the magnetization as a function of temperature for the samples with and without the residual phase of SMO. As observed, the samples with SMO have a lower magnetization at each temperature. The magnetization ob- tained for the samples of SFMO are 2.9 B , 2.5 B , and 2.2 B for the SFO/SMO ratios of 1, 0.9, and 0.8, respectively. The lower magnetization of the Mo-rich samples would arise from the disorder of the B site arrangement 14 and the presence of the nonmagnetic phase SMO, which is strongly related to the excess Mo ions and APB inside the grains, is observed in Figs. 2 and 3 . Moreover, Fig. 7 shows the M-H hysteresis loop of the SFMO samples with different SFO/ SMO ratios, in which the Mo-rich samples reveal the unusual characteristics: a low saturation magnetization, a remarkable low remanence, and a small coercivity, which could be attributed to presence of the APBs inside the grains. 16 Figure 8 shows the comparison of MR as a function of the magnetic field for the SFMO samples with different SFO/ SMO ratios at 100 and 300 K. The result shows that the Mo-rich SFMO samples have higher MR. The enhancement of the LFMR of SFMO was usually attributed to the SMO located at the grain boundary. 19, 40 However, so far, it has not been justified by the microstructural evidence. In Ref. 41 and this investigation, we have shown that SMO is essentially not located at the grain boundary. If SMO is not located at the grain boundaries, there seems to be another mechanism in enhancing the LFMR of Mo-rich SFMO. In this investigation, the presence of the APBs is clearly evidenced, shown in Fig. 3 . Based on the recent study in Ref. 43 ence of the APB per se on the LFMR cannot be excluded. Moreover, recent reports 53 have suggested that the doping ions or the oxygen content rather than second phases in the grain boundaries would have a great influence on the grain boundary resistivity and MR. Table I shows the results of the compositional analyses in grains and grain boundaries of the SFMO samples with different SFO/SMO ratios, revealing that the grain boundaries are Sr rich or Fe rich. Thus, an alternative mechanism for the enhancement of the LFMR and resistivity for the Mo-rich samples may also be possible, namely, the development of the Sr-or Fe-rich grain boundaries due to the presence of the APBs based on the Mo ions. However, it needs more work to further clarify this mechanism.
IV. CONCLUSIONS
Mo-rich nanosized clusters and APBs were clearly evidenced inside the grains of the Mo-rich Sr 2 FeMoO 6 ͑SFMO͒ samples. Mo-rich SFMO has lower saturated magnetization, higher resistivity, lower coercivity, and higher low-field magnetoresistivity, which are related to the excess Mo ions and APBs inside the grains. The conduction of SFMO samples with different ratios reveals a semiconductor behavior, which can be described by the VRH model, Eq. ͑1͒, with p = 
